Geometrically coherent continuous deformation in the volume surrounding a seismically imaged normal fault-array. by Long,  J.J. & Imber,  J.
Durham Research Online
Deposited in DRO:
15 July 2016
Version of attached ﬁle:
Accepted Version
Peer-review status of attached ﬁle:
Peer-reviewed
Citation for published item:
Long, J.J. and Imber, J. (2010) 'Geometrically coherent continuous deformation in the volume surrounding a
seismically imaged normal fault-array.', Journal of structural geology., 32 (2). pp. 222-234.
Further information on publisher's website:
http://dx.doi.org/10.1016/j.jsg.2009.11.009
Publisher's copyright statement:
c© 2010 This manuscript version is made available under the CC-BY-NC-ND 4.0 license
http://creativecommons.org/licenses/by-nc-nd/4.0/
Additional information:
Use policy
The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or charge, for
personal research or study, educational, or not-for-proﬁt purposes provided that:
• a full bibliographic reference is made to the original source
• a link is made to the metadata record in DRO
• the full-text is not changed in any way
The full-text must not be sold in any format or medium without the formal permission of the copyright holders.
Please consult the full DRO policy for further details.
Durham University Library, Stockton Road, Durham DH1 3LY, United Kingdom
Tel : +44 (0)191 334 3042 | Fax : +44 (0)191 334 2971
http://dro.dur.ac.uk
  Page 1 of 36 
Geometrically coherent continuous deformation in the 1 
volume surrounding a seismically imaged normal fault-2 
array  3 
J.J. Long1* and J. Imber1 4 
1Department of Earth Sciences, Durham University, Durham, UK 5 
* Corresponding author. 6 
E-mail address: jonathan.long@durham.ac.uk 7 
Fax: +44 0191 3342301 8 
 9 
Keywords 10 
Fault-propagation folds; Normal fault; Geometric coherence; Seismic resolution; 11 
Sub-seismic faults  12 
Abstract 13 
We calculated an apparent dip attribute, which was used to ascertain the spatial 14 
distribution of fault-related continuous deformation. The vertical component of 15 
displacement calculated from the continuous deformation acts to “fill-in” missing 16 
displacement in the fault-throw profile. This result shows that apparently complex 17 
3D patterns of continuous strain in the volumes surrounding the fault-array 18 
developed as part of a single, geometrically coherent fault-array. However, if this 19 
component of continuous deformation was not added to the throw profile, the 20 
fault-array could have been misinterpreted as a series of isolated fault segments 21 
with coincidental overlaps. This technique permits the analysis of continuous 22 
deformation structures, which are up to an order of magnitude smaller than 23 
previously described. In the study area, these structures are interpreted as small 24 
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fault-propagation folds, forming in a shale-dominated cover sequence. The fault-25 
propagation folds above the upper tip line of the mapped fault-array bifurcate 26 
upwards from the fault surface into three coherent lobes and resemble secondary 27 
fault segments. The near-constant along-strike length of the region of continuous 28 
deformation throughout the syn-rift sequence implies that the length of the fault-29 
array was established at an early stage in its growth, prior to the establishment of 30 
a seismically-visible fault surface. 31 
32 
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1. Introduction  33 
Fault-arrays comprise multiple fault segments (Peacock and Sanderson, 1991; 34 
Childs et al., 1995; Childs et al., 1996a; Willemse, 1997; Crider and Pollard, 1998; 35 
Peacock, 2002) that typically grow as geometrically coherent structures (Walsh 36 
and Watterson, 1991; Childs et al., 1995; Walsh et al., 2003b). Fault segments 37 
within these arrays can be hard-linked by discrete faults or soft-linked by zones of 38 
continuous deformation (Peacock and Sanderson, 1991; Trudgill and Cartwright, 39 
1994; Childs et al., 1995; Walsh et al., 2003b). In seismic reflection profiles, 40 
continuous deformation is commonly expressed as the rotation, thickening or 41 
thinning of strata within the deformed volume between soft-linked faults. 42 
Continuous strains result from any combination of plastic deformation and/or 43 
small-scale faults or fractures below the resolvable limits of seismic data (e.g. Fig. 44 
1; (Steen et al., 1998; Townsend et al., 1998). The specific limits at which 45 
structures can be resolved depend on the depth of the feature and the quality of 46 
the seismic data. 47 
 48 
Geometric coherence is the concept that faults and fault-related strain maintain 49 
regular and systematic geometries and relationships throughout the evolution of a 50 
fault-array. The throws due to faults and associated continuous deformation 51 
should together produce smoothly varying displacement profiles, which resemble 52 
that of a single fault (Walsh et al., 2003b). If a fault-array has maintained 53 
geometric coherence this must suggest kinematic coherence, which is the 54 
systematic and linked accumulation of displacement across the fault-array (Walsh 55 
and Watterson, 1991). The fault-propagation model of Marchal et al. (1998) 56 
predicts that fault-arrays evolve by the coherent growth and linkage of secondary 57 
faults, which are small faults that form at the propagating tips of a primary fault 58 
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segment. Secondary faults can form as separate fault segments soft-linked to the 59 
primary fault via relay zones, or as hard-linked structures that bifurcate from the 60 
main fault surface. This fault growth model can be applied to both horizontal and 61 
vertical tip lines (Marchal et al., 1998; Marchal et al., 2003). Fault-propagation will 62 
ultimately result in segmented fault tip lines, as shown by observations of naturally 63 
occurring faults (Mcgrath and Davison, 1995; Childs et al., 1996b; Marchal et al., 64 
2003; Kristensen et al., 2008) 65 
 66 
Fault-propagation folds are manifestations of fault-related continuous deformation 67 
that develop ahead of a propagating tip line and which deform the free surface 68 
(Withjack et al., 1990; Corfield and Sharp, 2000; Sharp et al., 2000; Gawthorpe et 69 
al., 2003; Finch et al., 2004; Jackson et al., 2006; White and Crider, 2006; Ford et 70 
al., 2007). In the case of synsedimentary normal faults, fault-propagation folds are 71 
expressed as monoclines whose axes lie parallel to the strike of the fault-array. 72 
The development of a synsedimentary monocline results in the main depocentre 73 
being offset into the hanging wall, in comparison with emergent synsedimentary 74 
normal faults where the depocentre is located in the immediate hanging wall of 75 
the fault (Sharp et al., 2000; Gawthorpe et al., 2003). Scaled analogue and 76 
numerical models of extensional fault-propagation folds above rigid basement 77 
fault blocks have shown that the amplitudes and wavelengths of monoclines are 78 
controlled by the dip of the basement fault and by the rheology of the overlying 79 
strata. These models also show that the mechanical stratigraphy controls whether 80 
fault-arrays within the cover are isolated or hard-linked to the basement fault 81 
(Withjack and Callaway, 2000; Finch et al., 2004). 82 
 83 
The aim of this paper is to describe the three dimensional (3D) geometry of the 84 
brittle and continuous deformation at and beyond the upper tips of a 85 
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synsedimentary normal fault-array in the Inner Moray Firth basin (IMF). However, 86 
the method and applications are not limited to synsedimentary settings, or to the 87 
IMF. We use interpretations of 3D seismic reflection data to test the idea that 88 
deformation at seismically imaged fault tips, including continuous deformation, is 89 
geometrically coherent. The methodology described here allows us to make 90 
inferences about the complex geometric arrangement of secondary faults, on 91 
which the offsets are below the resolution of the seismic data and are therefore 92 
manifest, at least in part, as continuous deformation at the scale of observation. 93 
The scale of structures studied in this paper (maximum throw ca. 115 ms) is 94 
greater than those described by (Kristensen et al., 2008), but less than those of 95 
(Corfield and Sharp, 2000). 96 
 97 
2. Geological setting 98 
The study area is located in the Inner Moray Firth basin (Fig. 2). The main phase 99 
of NW-SE extension occurred during the Late Jurassic to Early Cretaceous 100 
(represented by the mapped H5 to BCU interval; Figs 3 and 4). There is little 101 
evidence for active extension during the Triassic to Mid-Oxfordian, which is 102 
represented by the mapped Triassic chert to Horizon H5 interval (Figs 3 and 4). 103 
This extension produced the regional NE-SW trending normal fault set (Fig. 2c) 104 
(Underhill, 1991b; Thomson and Underhill, 1993) and associated half-graben 105 
basin fill (Fig. 2) (Underhill, 1991b). Sediment packages thicken towards the 106 
north-west along the Helmsdale–Wick boundary fault systems (Fig. 2). 107 
Subsequent Cretaceous sedimentation records gentle regional subsidence. Post-108 
Cretaceous reactivation of some large-offset faults has occurred in the IMF. 109 
Faults that offset the BCU are recognised as being reactivated, but no evidence is 110 
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found for post-Cretaceous deformation having reactivated faults in the immediate 111 
study area. 112 
 113 
The study focuses on deformation within the Middle to Upper Jurassic 114 
succession, which encompasses the uppermost part of the pre-rift and lowermost 115 
syn-rift sequences (Figs 3 and 4). Regionally, the onset of syn-rift sedimentation 116 
was marked by deposition of the H5 horizon (Intra Oxfordian reflector). 117 
Correlation of seismic reflectors with nearby wells shows that the mapped syn-rift 118 
sequence (H5-H1) is shale-dominated and overlies a sandstone-dominated pre-119 
rift sequence, which includes Horizon H6 (Fig. 4). 120 
 121 
The mapped fault-array consists of three NE-SW trending en-echelon segments 122 
(F1-F3; Fig. 3) separated by two relay zones. Aggregate displacement on the 123 
array decreases southwest towards the mapped lateral tips. The studied faults dip 124 
towards the NW, antithetic to nearby large offset faults that dip towards the SE 125 
(Fig. 3).  126 
 127 
The mapped H1-H5 sequence thickens from footwall to hanging wall across F1, 128 
F2 and F3 (Fig. 3). Fault scraps in the IMF show no evidence for footwall erosion, 129 
which suggests that F1, F2 and F3 were either blind faults, or were 130 
synsedimentary faults that were blanketed with sediments during deposition of the 131 
Late Jurassic to Early Cretaceous syn-rift sequence (Underhill, 1991b, a; Nicol et 132 
al., 1997; Childs et al., 2003). Analysis of throws on the mapped faults shows that 133 
F1, F2 and F3 have vertical displacement gradients greater then ca. 0.16 (Fig. 5). 134 
This value is consistent with vertical displacement gradients calculated for 135 
synsedimentary faults in other areas (Nicol et al., 1996; Nicol et al., 1997; 136 
Cartwright et al., 1998; Walsh et al., 2003a). Furthermore, the boundaries 137 
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between sub-horizontal and sub-vertical throw contours, which separate pre- and 138 
syn-faulting parts of the fault surface (Childs et al., 2003), coincide with the base 139 
of the regional syn-rift sequence (TopA horizon; Fig. 5). These observations 140 
suggest that faults F1, F2 and F3 were active during the deposition of the Upper 141 
Jurassic syn-rift sequences (Figs 3 and 4; H5-H1). This inference is consistent 142 
with previous studies that have also shown similar faults in the IMF to be 143 
synsedimentary in origin (Underhill, 1991a, b; Nicol et al., 1997; Childs et al., 144 
2003; Walsh et al., 2003a). Together, our observations suggest that 145 
sedimentation rates generally outpaced fault displacement rates throughout Late 146 
Jurassic to Early Cretaceous extension (Childs et al., 2003). Importantly, the 147 
synsedimentary character of these faults enabled them to interact with the free 148 
surface, facilitating the development of fault-propagation folds (Sharp et al., 2000; 149 
Gawthorpe et al., 2003).  150 
 151 
152 
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3. Method 153 
3.1. 3D seismic interpretation 154 
The 3D seismic survey used in this study is located over the Beatrice oil field 155 
within the central IMF (Fig. 2). The seismic survey has a 12.5 m by 12.5 m inline 156 
and crossline spacing. The aerial extent of the study area within the survey is 3 157 
km by 2 km. Velocity information from nearby wells was used to depth convert a 158 
seismic section. The velocity data are consistent with a uniform overburden 159 
lacking lateral velocity variations (Fig. 6). Therefore, the depth conversion process 160 
had a minimal effect on the overall geometries observed, apart from a uniform 161 
vertical expansion of the entire section. Relative changes of the fault geometries 162 
are negligible between the depth and time sections (Fig. 6). Consequently, to 163 
prevent the introduction of additional uncertainties due to depth converting the 164 
data, the time-migrated volume was used to analyse fault-related deformation. 165 
 166 
Six horizons (H1-H6) that are either cut by or located above the upper tip line of 167 
the mapped fault-array were picked on every fifth inline and cross line. Areas of 168 
structural complexity were interpreted on every second inline and cross line (25 m 169 
spacing). 170 
 171 
3.2. Quantifying continuous and discontinuous deformation 172 
3.2.1. Discontinuous deformation (fault throw) 173 
Fault throw is defined as the vertical component of displacement measured 174 
between mapped horizon cut-offs (Needham et al., 1996). Throw was measured 175 
along sample lines orientated perpendicular to the average strike of the studied 176 
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faults. Sample line spacing was 20 m. All faults were assumed to have dip-slip 177 
displacements (Underhill, 1991b) and the location of the sample grid was fixed, 178 
allowing comparison of displacements on different horizons. A disadvantage of 179 
using a fixed, oriented sample gird arises when individual faults are not parallel to 180 
the average fault strike for the sample volume. This geometric difference creates 181 
a miss-match between fault throw and adjacent continuous displacement, adding 182 
noise to the aggregate displacement profiles. In this study, all faults are 183 
subparallel so the effect is negligible.  184 
 185 
The maximum uncertainty associated with the positions of mapped cut-offs is 186 
estimated to be 6 ms TWT. Of this, 4 ms TWT arises from the sampling interval of 187 
the seismic data. The remaining uncertainty is associated with errors in 188 
correlating the interpreted horizon picks across faults. In areas where the seismic 189 
horizons are well imaged, the uncertainty due to errors in correlation approach 190 
zero.  191 
 192 
The ability to interpret fault offsets in seismic data is controlled by the vertical 193 
resolution of the data. At depths similar to those in this study (>1.5–2 seconds 194 
TWT or approximately 2 km) only faults with throws greater than 20 m will 195 
typically have observable offsets (Townsend et al., 1998). Large sections of the 196 
fault surfaces with smaller throws are therefore not resolved through mapping of 197 
offset horizons. However, by studying the continuous deformation present beyond 198 
the mapped fault tips a greater proportion of the fault-related strain can be 199 
measured. This continuous deformation at the scale of observation can be 200 
mapped with confidence due to the close spacing of the 3D seismic lines and by 201 
minimizing miss-ties on horizon grids.  202 
 203 
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3.2.2. Continuous deformation (apparent dip) 204 
The vertical component of displacement due to continuous deformation in the 205 
volume surrounding the mapped faults was calculated from the apparent dip of 206 
triangulated horizon grids. Apparent dip was measured along the same set of 207 
sample lines used to calculate fault throw, thus allowing direct comparison with 208 
fault throw (Fig. 7). Sensitivity studies were performed on selected horizon grids 209 
to determine the optimum triangle size. Large triangles produce smoother 210 
surfaces. Smaller triangles more closely match the picked horizon grid, but 211 
increase the potential for noise. In this case, “noise” refers to scatter due to 212 
natural variability in reflector dip that is not fault-related, miss-correlations of 213 
horizon grids across faults and the inherent uncertainty associated with the 214 
sample interval of the seismic data. A maximum triangle size of 20 m was used to 215 
ensure a representative reconstruction of the raw data. 216 
 217 
The next step was to distinguish apparent dips due to continuous deformation in 218 
the volume surrounding the mapped fault-array (here termed “abnormal 219 
rotations”) from dips caused by regional tilting of each horizon. The half-graben 220 
geometry of the IMF means that reflectors display a regional tilt towards the north-221 
west (Fig. 2). Some of the tilt is also likely to result from flexure in the footwall of a 222 
major fault located immediately southeast of the studied fault-array (Figs. 2 and 3; 223 
(Barnett et al., 1987). The magnitude of regional tilt on each horizon was 224 
calculated in areas away from the mapped fault-array, and apparent dips less 225 
than or equal to the regional tilt were excluded from further analysis. Large 226 
apparent dips can also be caused by miss-ties in horizon grids between adjacent 227 
inlines or crosslines (Fig. 8a, point X) and/or by deformation related to other faults 228 
(Fig. 8a, point Y). These anomalies were removed by visual inspection and were 229 
also excluded from further analysis. The remaining areas of abnormal rotation 230 
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were hypothesised to be fault-related continuous deformation in the volume 231 
surrounding the studied fault-array (Fig. 8b).  232 
 233 
Maps showing the distribution of abnormal rotation around the mapped fault-array 234 
were contoured for “low” (≤ 2º), “medium” (2º-4º), “high” (4º-12º) and “very high” (> 235 
12º excluding fault polygons) values of abnormal rotation. As shown previously, 236 
depth conversion results in vertical expansion of seismic sections (Fig. 6), 237 
allowing comparison of abnormal rotations on different horizons. 238 
 239 
Finally, the vertical displacements attributed to continuous fault-related 240 
deformation were summed along each sample line, allowing direct comparison 241 
with fault-throw measurements (Fig. 9).   242 
 243 
244 
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4. Results 245 
4.1. Reflector geometries 246 
Horizons H1 to H3 are located above the seismically imaged upper tip line of the 247 
fault-array. Horizons H4 to H6 are cut and offset by one or more of the mapped 248 
fault segments, F1, F2 and F3 (Fig. 3). Vertical seismic sections oriented 249 
approximately perpendicular to fault strike show that the youngest H1 – H3 250 
sequence (and, where it is not faulted, the older H3 – H5 sequence), change in 251 
thickness across the underlying fault-array. The points at which younger H1 – H3  252 
sequences achieve their maximum thicknesses are not immediately adjacent to 253 
the upward projection of the underlying fault plane, but are located up to 200 m to 254 
the northwest, towards the mutual hanging wall of the fault-array (Fig. 3). In 255 
contrast, the oldest H5 – H6 sequence is commonly thicker in the immediate 256 
hanging walls of the mapped faults (e.g. Fig. 3b, adjacent to fault F1). 257 
 258 
Reflector dips vary around the seismically imaged fault tips. Dip values typically 259 
increase within regions tens to hundreds of metres wide, situated either side of 260 
and/or above mapped upper tip points (Fig. 3 and 9). The steepest horizon dips 261 
occur in narrow zones above fault tips (e.g. Fig. 9, left hand side). Steep dips also 262 
occur along strike from the lateral tips of seismically imaged faults. These 263 
anomalous rotations occur within both pre- and syn-faulting sequences (e.g. Fig. 264 
3b, Horizon H6). In all cases, the anomalous rotations occur in strata that dip 265 
towards the mutual hanging wall of the fault-array, giving rise to broad monoclines 266 
and sharper kinks (Fig. 3). 267 
 268 
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4.2. Spatial distribution of continuous deformation 269 
In map view, the patterns of abnormal rotation observed on horizons H1 – H4 are 270 
not uniformly distributed above faults F1 and F2, but rather occur as patchy areas 271 
of high and low abnormal rotations (Fig. 9, left hand side). Regions of high and 272 
very high rotation occur above the seismically imaged tip lines of F1 and F2, 273 
expressed as discrete en-echelon bands (dark grey) surrounded by wider zones 274 
of more gentle abnormal rotation (light grey) (Fig. 9, horizons H1 – H4). The en-275 
echelon bands of high to very high rotation vary in width between 60 and 300 m 276 
and coincide with the projected locations of the seismically imaged faults from 277 
below (Fig. 10). The steep limbs of these monoclinal bands are located over the 278 
projected hanging wall blocks (Fig. 3). 279 
 280 
Horizon H1 is the youngest horizon to have been affected by faults F1 and F2 and 281 
marks the uppermost boundary of continuous deformation that can be imaged in 282 
the seismic volume. Starting at horizon H1 and working downward toward the 283 
mapped upper tip line, the distribution and magnitude of abnormal rotation 284 
changes noticeably (Fig. 9). Horizon H1 is characterised by a 750 m wide zone of 285 
low abnormal rotations, which trends NNE–SSW and contains patches of medium 286 
abnormal rotation (darker grey) that are arranged in a left-stepping en-echelon 287 
pattern.  288 
 289 
On Horizon H2, an 800 m wide zone of fault-related continuous deformation 290 
follows the same NNE – SSW trend as horizon H1. Within this wide zone are 291 
three approximately 90 m-wide bands of high to very high abnormal rotations, 292 
which trend NE – SW and again have a left-stepping, en-echelon arrangement. 293 
The NNE – SSW trend persists for Horizon H3, where the wider zone of 294 
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continuous deformation contains a continuous band of parallel, NE – SW trending, 295 
left-stepping segments that merge to define the overall NNE – SSW trend. 296 
 297 
Horizon H4 is also characterised by a general NNE – SSW trending zone of 298 
continuous deformation. Fault F1 intersects H4 (Fig. 9, Horizon H4). The 299 
magnitude of continuous deformation is noticeably reduced in the immediate 300 
hanging wall of the mapped fault trace (graph, H4, Fig. 9). The greatest 301 
magnitude of continuous deformation for this horizon occurs at the fault tips (i.e. 302 
directly above the trace of F1 on H5) and above the projected location of F2 (Figs 303 
9 and 10). 304 
 305 
Two seismically imaged fault segments cut horizon H5 (Fig. 9). Fault F1 has a 306 
maximum throw of approximatley 50 ms at this level. The distribution and amount 307 
of continuous deformation on horizon H5 is markedly different as compared to the 308 
overlying horizons. The high levels of continuous deformation present on the 309 
younger horizons (H2 – H4) are reduced in the immediate foot and hanging walls 310 
of F1 and F2 (Fig. 9). However, high levels of continuous deformation extend 311 
beyond the mapped south-western tip of fault F1 to a distance approximately 312 
equal to the length of the fault trace seen on the underlying horizon H6 (Fig. 9, 313 
Horizons H5 – H6, point a). In addition, NE-SW and E-W trending bands showing 314 
high levels of continuous deformation occur, respectively, at the tips of F2 and 315 
within the relay zone between F1 and F2. 316 
 317 
Horizon H6 is cut by three seismically imaged fault segments, and displays 318 
minimal continuous deformation in the hanging wall of fault F1. The southwestern 319 
tip of fault F1 also displays smaller magnitudes of continuous deformation 320 
compared to the same region on H5. Horizon H6 contains the maximum along-321 
  Page 15 of 36 
strike extent of fault F1 hence there are no (seismically imaged) fault tip lines that 322 
lie directly beneath the mapped tip of F1 (Fig. 5). The immediate footwall of fault 323 
F1 is characterised by a band of continuous deformation adjacent to a prominent 324 
right-stepping bend in the fault trace (Fig. 9, Horizon H6, point b). This band of 325 
anomalous dips follows the same trend as the fault trace immediately to the north-326 
east of the right-stepping bend.  327 
 328 
4.3. Displacement distance profiles 329 
The displacement distance (d-x) profiles (Fig. 9, right hand side) show the vertical 330 
offsets (throws) on faults F1, F2 and F3 together with the vertical component of 331 
continuous displacement calculated from the areas of abnormal rotations (Fig. 9, 332 
left hand side). The d-x plots are therefore a graphical representation of the 333 
discontinuous and continuous displacements for each horizon. 334 
 335 
The maximum aggregate vertical component of displacement decreases from 336 
approximately 140 ms on H6 to about 80 ms on the overlying H5 horizon, but has 337 
an approximately constant value of between 40 and 50 ms on horizons H2 to H4. 338 
The maximum aggregate component on H1 is about 20 ms. The along-strike 339 
extent of the region affected by faulting and/or continuous deformation displays a 340 
similar pattern. The southwestern “tip point” of the deformation zone is situated 341 
about 300 m further towards the NE on horizon H5 compared with H6, and by 342 
about 1200 m in the same direction on H4 compared with H5. By contrast, the tip 343 
of the deformation zone maintains an approximately constant position for horizons 344 
H1 – H4. 345 
 346 
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Continuous displacement accounts for a significant proportion of the total 347 
deformation observed on each horizon. Horizons H6-H5 have approximately 348 
equal amounts of displacement partitioned between continuous deformation and 349 
mappable fault offsets (Fig.9). Horizons H1-H3 are entirely deformed by 350 
continuous deformation while horizon H4 is nearly all continuous deformation.  351 
 352 
On each horizon, the total displacement curve (dashed line) resembles that of a 353 
single fault more than either the fault displacement or continuous displacement 354 
curves alone (Fig. 9). Close inspection of the d-x plots shows striking inverse 355 
correlations between the observed magnitudes of continuous and discontinuous 356 
displacement (Fig. 9). For example, abrupt increases in the magnitude of 357 
continuous displacement occur at the northeast tip of F2 and southwest tip of F1 358 
on horizon H5, which helps to “smooth out” the total displacement profile (Fig. 9, 359 
H5). Similarly, midway along the strike of F2 a low in fault displacement is 360 
matched by an increase in continuous displacement (Fig. 9, H5). These 361 
relationships maintain an aggregate profile that resembles one for a single fault. 362 
Similar relationships can be observed on the other horizons (Fig. 9, H4-H6). The 363 
displacement profiles derived solely from continuous displacement on horizons 364 
H1 – H3 are also seen to resemble that of a single coherent fault. Thus, 365 
displacement profiles resembling that of a single coherent fault are present at all 366 
levels within the sequence. 367 
 368 
4.4 Description of fault F1 369 
Fault F1 has a maximum throw of 115 ms TWT decreasing towards the mapped 370 
southwestern tip. Fault F1 displays its maximum lateral extent on horizon H6 and 371 
decreases in length upwards to horizon H4 (Figs 9, 10). Horizon H6 is 372 
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characterized by a zone of abnormal rotation that extends 100 m beyond the 373 
mapped fault, but the horizontal extent of the region of abnormal deformation 374 
increases upwards between horizons H6 – H4 (Fig. 10). The tip line of fault F1 375 
directly underlies Horizons H5 and H4. Therefore, a correlation exists between an 376 
increase in the extent of abnormal rotation beyond the mapped fault tip and the 377 
presence of a seismically imaged fault plane immediately beneath those horizons. 378 
The transition from the sandstone-dominated pre-rift strata to the shale-dominated 379 
syn-rift sequence occurs at horizon H5 (Fig. 3). This transition also marks an 380 
increase in the ratio of continuous deformation to fault displacement, and the 381 
appearance of a wide zone of low to medium rotation, measured normal to strike 382 
(Fig. 9). Above fault F1 (H4-H1) is a zone of strong abnormal rotation. This zone 383 
splits into three distinct linear bands on horizon H2. These zones of abnormal 384 
rotation trend NW-SE matching the mapped fault below. 385 
 386 
387 
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5. Interpretation and discussion 388 
5.1. Geometric coherence 389 
A consequence of syntectonic sedimentation, such as that inferred in the study 390 
area, is the development of different sediment thicknesses in the hanging wall and 391 
footwall of mapped faults. Therefore, it is important to consider the role of 392 
differential compaction in producing rotated seismic reflectors and apparent 393 
monoclinal geometries, as reported by Thomson and Underhill (1993) elsewhere 394 
in the IMF basin. Compactional drapes are likely to be greatest within 395 
depocentres containing the thickest syn-faulting sequences. This situation will 396 
occur towards the centres of faults, that is, closest to the point of maximum throw. 397 
However, our observations show that continuous rotations of seismic reflectors 398 
are likely to be greatest at fault tips, not within the hanging walls of seismically 399 
imaged fault traces. Similarly, rotated reflectors can also be seen within the pre-400 
growth (pre-H5) sequence, which was presumably well-compacted prior to the 401 
onset of faulting. Some compactional drapes interpreted by Thomson and 402 
Underhill (1993, their fig. 5) are related to faults with marked convex-upward 403 
geometries, whereas the faults in the present study area are sub-planar (Fig. 3c). 404 
We conclude that the observed abnormal rotations were primarily a response to 405 
fault growth and propagation, rather than differential compaction. However, 406 
differential compaction may have subsequently exaggerated stratal dips and 407 
monoclinal geometries. 408 
 409 
Our results show that the continuous deformation in the volume surrounding the 410 
upper part of the mapped normal fault-array is characterised by rotations of 411 
seismic reflectors, resulting in increased dips towards the mutual hanging wall. 412 
These “abnormal rotations” give rise to broad monoclines and sharper kinks. In 413 
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map view, regions of continuous deformation appear to be patchily but 414 
systematically distributed, with the greatest magnitudes of abnormal rotation 415 
occurring above or along strike from mapped upper and lateral fault tip points, 416 
adjacent to bends in fault traces, and within relay zones (Fig. 9). The vertical 417 
component of displacement calculated from the continuous deformation acts to 418 
“fill-in” missing displacement in the throw profile for the aggregate fault-array (Fig. 419 
9). The aggregate displacement profile more closely resembles that of a single 420 
fault than either the fault throw or continuous displacement profiles alone 421 
(Huggins et al., 1995; Walsh et al., 2003b). The mapped structures therefore 422 
appear to have developed as part of a single, coherent fault-array. 423 
 424 
5.2. Fault-propagation folding and the influence of mechanical 425 
stratigraphy 426 
In detail, the youngest syn-rift horizon (H1) shows the development of broad 427 
monoclines (Fig. 9). Older syn-rift horizons display sharp, NE-SW trending “kinks” 428 
(areas of high abnormal rotation) that are situated directly above mapped fault tip 429 
lines (Figs 9, 10) within broad regions of more gentle rotation. The kinks become 430 
more pronounced and better interconnected on older horizons (H2 – H5, Fig. 9). 431 
Trading space for time, we interpret these observations to mean that the broad, 432 
low-amplitude folds developed at an early stage of fault propagation but were 433 
subsequently deformed by sharper kinks situated directly above propagating tip 434 
lines. 435 
 436 
This interpretation is consistent with the results of analogue and numerical models 437 
that simulate faulting and fault-propagation folding in the sedimentary cover above 438 
a predefined “basement” fault (Withjack et al., 1990; Finch et al., 2004). Numerical 439 
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models show that deformation of a weak cover sequence is initially characterised 440 
by the development of a broad monocline above the basement fault. With 441 
increasing slip, deformation becomes more localised above the propagating fault, 442 
giving rise to tight fault-propagation folds within the broad monocline (Withjack et 443 
al., 1990; Finch et al., 2004). As deformation continues, the limbs of the sharp, 444 
kink-like fault-propagation fold steepen until they are finally breached by the 445 
propagating fault. By contrast, the presence of a strong cover sequence results in 446 
a narrower monocline and more rapid propagation of the basement fault into the 447 
cover. These models show that the mechanical strength of the cover sequence is 448 
an important control on the development of fault-propagation folds.  449 
  450 
The inherent limit in seismic resolution means that it is impossible to quantify the 451 
proportion of continuous displacement accommodated by plastic deformation vs. 452 
sub-seismic scale faulting, without direct sampling by drilling. Nevertheless, it is 453 
important to point out that the fault-propagation folds described in this study have 454 
vertical extents (amplitudes) of approximately 40 ms (Fig. 9), which is more than 455 
an order of magnitude smaller than comparable seismic examples of fault-456 
propagation folds on the Halten Terrace, offshore Norway (vertical extents 457 
between 500 – 1000 ms) (Withjack et al., 1990; Corfield and Sharp, 2000). Here, 458 
fault propagation folds developed in a shale-dominated syn-rift sequence 459 
overlying pre-rift red beds and evaporites (Marsh et al., 2009). The overall scale 460 
of fault-propagation folding is controlled by the size of the underlying faults, but it 461 
appears that the geometry and evolution of the folds is controlled by the 462 
mechanical properties of the overburden sequence (Withjack et al., 1990).  463 
 464 
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5.3. Growth of the mapped fault-array 465 
The total displacement profiles (fault throw plus continuous deformation; Fig. 9) 466 
show that the along-strike extent of the region affected by fault-related 467 
deformation on F1, F2 and F3 is less from the H6 (pre-rift) and H4 (syn-rift) 468 
stratigraphic level, but is approximately constant within the overlying syn-rift 469 
horizons. Similarly, maximum aggregate displacements are less between 470 
horizons H6 to H4, but is nearly constant for H4 to H2 before decreasing again for 471 
H1. The near-constant width and along-strike extent of the region affected by 472 
fault-related deformation suggests that the volume of continuous deformation 473 
surrounding the mapped faults is enclosed by a steeply-plunging (sub-vertical) 474 
lateral tip line. The observation of near-constant along-strike length throughout the 475 
syn-rift sequence is interpreted to imply that the lateral length of the fault-array 476 
was established at an early stage in its growth. This inference is consistent with a 477 
previous study that suggests that fault lateral lengths may be near-constant from 478 
early fault system development (Walsh et al., 2002). 479 
 480 
The small changes in aggregate displacement upward through the H4 to H2 syn-481 
rift succession is consistent with a small vertical displacement gradient above 482 
horizon H5 (Fig. 9, right hand side). The near-constant aggregate displacement 483 
for these horizons, followed by a decrease in displacement for the youngest syn-484 
rift horizon, H1, could be interpreted as evidence for fault reactivation following a 485 
period of stasis during the deposition of H4 to H2, e.g. (Cartwright et al., 1998). 486 
However, our preferred interpretation, which requires only a single phase of 487 
rifting, is that the small vertical displacement gradients resulted from an increase 488 
in the sedimentation rate relative to the displacement rate on the evolving fault-489 
array. This increase in the ratio of sedimentation to fault displacement could have 490 
occurred due to an absolute increase in the sedimentation rate, or due to a 491 
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temporary decrease in fault-slip rate in this part of the IMF basin, cf. (Jackson, 492 
1999), or a combination of both mechanisms. In any case, blanketing of the fault 493 
scarps facilitated the development of fault-propagation folds in the overburden. 494 
 495 
5.4. Geometry and evolution of fault F1 496 
The lateral tip line of fault F1 in the study area plunges steeply towards the SW 497 
(Fig. 10). The northeastern upper tip line is sub-horizontal beneath H4, but 498 
southwestward, it curves up and penetrates H4. The lateral “tip line” or boundary 499 
of the continuously deformed region around F1 has a similar geometry to the 500 
lateral fault tip line, plunging steeply southwestward. The 3D reconstruction 501 
clearly shows that regions of high continuous strain, i.e. monoclines, on horizons 502 
H4 – H6 directly overlie the lateral tip line of F1. Monoclines observed at fault tips, 503 
similar to those seen here, are often recorded in outcrop data (Cartwright and 504 
Mansfield, 1998; Jackson et al., 2006; Ferrill et al., 2007). Our results therefore 505 
confirm White and Crider’s (2006) suggestion, which was based on outcrop data 506 
and linear-elastic boundary-element method modelling, that monoclinal folds are 507 
likely to develop above the blind, lateral extents of surface-breaking, 508 
synsedimentary faults.  509 
 510 
The reflectors above the mapped upper tip line of fault F1 are deformed by three 511 
en-echelon, left-stepping monoclines (fault-propagation folds). The internal 512 
structure of the monoclines is below the resolution of the seismic data, but the 513 
analysis of the aggregate displacement profiles show that the folds developed as 514 
a coherent part of the fault-array. The simplest model to explain the en-echelon 515 
arrangement of the monoclines is that the upper tip line of fault F1 bifurcated 516 
(split) as it propagated upwards from horizon H5, forming three en-echelon, left-517 
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stepping lobes. On H4, the central lobe is visible as the mapped trace of F1 (Fig. 518 
9). This interpretation is consistent with previous models for the coherent growth 519 
of segmented fault-arrays (Childs et al., 1996b; Marchal et al., 2003; Walsh et al., 520 
2003b). Importantly, our findings show that the distribution of continuous 521 
deformation can be mapped and visualised using 3D seismic data, providing a 522 
method to study the interactions between primary and secondary fault segments 523 
even where the aggregate throw is only a few tens of milliseconds (Fig. 10). 524 
 525 
Analysis of seismic data alone cannot, however, explain all of the observed 526 
relationships. In particular, it is not clear as to why anomalous dips are commonly 527 
observed to be low or absent in the immediate hanging walls of mapped faults 528 
(e.g., Fig. 9). It could be because stratal dips are very high within narrow zones 529 
immediately adjacent to the fault traces, hence are not imaged in seismic data. 530 
This hypothesis would suggest that reflector dips increase with increasing 531 
displacement on adjacent faults. This concept is consistent with continuous 532 
deformation originating due to, or being modified by, frictional drag. Alternatively, 533 
the absence of continuous deformation may suggest that some segments that 534 
propagated upwards and broke the surface more rapidly than in adjacent regions, 535 
(Ford et al., 2007). 536 
 537 
5.5. Practical applications 538 
Our results show that areas with abnormal rotations can be used to identify 539 
regions of fault-related deformation in 3D seismic data. Correct identification of 540 
small-scale fault-related deformation has implications for modelling fluid flow 541 
(hydrocarbons, ground water, CO2) in the subsurface. The method proposed here 542 
is versatile and can be used in any tectonic setting and complements existing 543 
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techniques used to sample fault throw. Previous studies (e.g., (Steen et al., 1998; 544 
Townsend et al., 1998) have suggested that dip anomalies can be used to identify 545 
areas of small (sub-seismic) scale faulting in 3D seismic volumes. For example, 546 
Figure 9 highlights areas of anomalous rotations within the relay ramp between 547 
F1 and F2 on horizon H5, and adjacent to the right-stepping bend in the trace of 548 
F2 on H6. The map-view geometries suggest that these areas of continuous 549 
deformation may be associated with, respectively, an incipient breaching fault 550 
cutting obliquely across the relay ramp and a footwall splay fault associated with a 551 
breached relay on F2. The coherency of the aggregate displacement profiles is 552 
consistent with these inferences. The key point is that the techniques described 553 
here allow rigorous geological analysis of these anomalies, enabling us to 554 
investigate possible implications if they are treated  as faults or fault-related 555 
fracture systems. 556 
557 
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6. Conclusions 558 
1. We have calculated the apparent dips for six horizons within a 3D seismic 559 
volume, measured along sample lines oriented perpendicular to the 560 
average strike of a mapped fault-array. This dip attribute is used to derive 561 
the spatial distribution of fault-related continuous deformation, from which 562 
we calculated the vertical component of displacement due to continuous 563 
deformation. This measure of continuous displacement is directly 564 
comparable to fault throw. 565 
 566 
2. This technique permits the analysis of continuous deformation structures 567 
(fault-propagation folds) that are up to an order of magnitude smaller than 568 
previously described.  569 
 570 
3. Our study supports previous work, which demonstrated that fault-arrays 571 
and associated volumes of continuous deformation surrounding them are 572 
geometrically coherent and are likely to have been kinematically coherent 573 
throughout their evolution (Walsh and Watterson, 1991; Walsh et al., 574 
2003b).  575 
 576 
4. The observation that a fault-array remains coherent as it propagates is not 577 
unexpected, if we assume a coherent growth model (Marchal et al., 1998; 578 
Walsh et al., 2003b). However, without inclusion of the continuous 579 
deformation, the d-x profile for this fault-array could have been miss-580 
interpreted as representing three isolated fault segments with coincidental 581 
overlaps. 582 
 583 
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5. The along-strike extent of the volume of continuous deformation above the 584 
upper tip line of the mapped fault-array is approximately constant upwards 585 
through the growth sequence, implying that the length of the fault-array 586 
was established at an early (small displacement) stage in its development.  587 
 588 
6. Analysis of the continuous deformation in the volume above one of the 589 
mapped fault segments (F1) reveals a pattern of deformation that is 590 
consistent with the distribution of secondary faults expected to develop 591 
during tip line bifurcation (Childs et al., 1996b; Marchal et al., 2003). The 592 
techniques described in this study can therefore be used to infer the 3D 593 
distribution of fault-related strain ahead of propagating fault surface if 594 
space is traded for time in the analysis. 595 
 596 
7. Our results also confirm previous model predictions that monoclinal folds 597 
are likely to develop above the blind, lateral extents of surface-breaking 598 
faults (White and Crider, 2006). 599 
 600 
8. The analysis of continuous deformation can potentially be used to 601 
postulate the existence of sub-seismic scale faults and fracture systems, 602 
(e.g., at fault bends and within relay ramps) for the purpose of considering 603 
their effects on rock properties and fluid behaviour if the structures were 604 
present. 605 
 606 
 607 
608 
  Page 27 of 36 
Acknowledgements 609 
We are grateful to Brett Freeman for coding the algorithm that enabled us to use 610 
TrapTester software to extract apparent dip data from horizon meshes. Badley 611 
Geoscience Ltd. provided academic licenses and training for TrapTester. Dave 612 
Stevenson and Gary Wilkinson provided invaluable IT support within the 613 
Department of Earth Sciences at Durham University. Brett Freeman and Paul 614 
Griffiths provided constructive comments on an earlier version of the manuscript. 615 
We are grateful for the constructive reviews provided by Joe Cartwright and Juliet 616 
Crider. Bill Dunne provided helpful editorial guidance that improved the clarity of 617 
the manuscript. JJL is funded by a NERC Open CASE PhD studentship with BG 618 
Group (NE/F006586/1); JI is funded by Statoil UK Ltd. 619 
 620 
621 
  Page 28 of 36 
Figure captions 622 
Fig. 1. Schematic representation structural geometries that produce the 623 
appearance of continuous deformation at the scale of observation for a seismic 624 
reflection profile. (a) Rotation of the seismic horizon. (b-c) Different arrangements 625 
of sub-seismic scale faults. (d) Horizon rotation and sub-seismic scale faults. 626 
Taken from (Steen et al., 1998). 627 
 628 
Fig. 2. (a) Regional 2D seismic section across the Inner Moray Firth (IMF) basin 629 
(section location in Figure 2c). (b) Interpretation of (a) showing the main marker 630 
horizons. (See Figure 4 for detailed stratigraphy). The IMF is an extensional half 631 
graben with the maximum subsidence against the Helmsdale–Wick basin-632 
bounding fault systems to the NW. (c) Schematic structural geometry of the IMF 633 
for the regional base syn-rift stratigraphic horizon (see Figure 4). BCU is the Base 634 
Cretaceous Unconformity; Intra Ox. is an Intra Oxfordian reflector that marks the 635 
base of the syn-rift sequence in the study area. 636 
 637 
Fig. 3. (a-b) Adjacent seismic profiles aligned normal to the strike of the mapped 638 
fault-array. The six mapped horizons used in this study are H1-H6 and regional 639 
marker horizons are also shown for context. (b) Rotated horizons past the SW tip 640 
of fault F1, circled. (c) Time-structure map for horizon H6. The three faults in the 641 
study area display a left-stepping, en-echelon arrangement and are separated by 642 
relay ramps linking the footwall and hanging wall sediments. A later ENE-WSW 643 
trending cross fault, formed during minor post Cretaceous extension, cuts fault 644 
F1. Contour measurements are in ms two-way travel time. 645 
 646 
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Fig. 4. Lithological units from the study area (Beatrice Field), adapted from 647 
(Stevens, 1991). Horizons used in this study are highlighted (grey).  H1-H5 are in 648 
the syn-rift sequence, while H6 is in the pre-rift section.  649 
 650 
Fig. 5. Plots of fault throw with contour interval of 10 ms TWT. Throw values go up 651 
to 120 ms TWT (darkest colour). The hanging wall cutoff for horizon TopA (Top A 652 
Sand, Figure 4) is marked on the plots and represents the base of the syn-rift 653 
sequence. (a) Composite fault image viewed in strike projection, showing the 654 
spatial relationship of faults F1, F2 and F3 (See Figure 3c for context). F1 is cut 655 
by a later cross fault and continues off the edge of the seismic data to the NE. (b) 656 
Throw plots for faults F2 and F3. F2 and F3 are partially linked along a branch line 657 
(BL). Vertical throw gradients are measured for each fault from the point of 658 
maximum displacement to the upper tip line. Vertical throw gradients are 0.5, 1.3, 659 
0.34 and 0.18 for faults F1, F1 continued, F2 and F3 respectively.  660 
 661 
Fig. 6. Seismic sections through the study area. (a) Time section. (b) Depth-662 
converted section using velocity information form nearby wells (c). (c) A time-663 
structure map for regional horizon TopA, showing the location of the section and 664 
nearby wells. The map is coloured for two-way travel time (TWT), and dark 665 
colours equal largest TWT.  666 
 667 
Fig. 7. Schematic illustration of displacement measurement for examples of 668 
abnormal rotation. The limits of abnormal rotation are defined by the departure 669 
from the regional horizon dip. The vertical displacement or throw is calculated for 670 
a monoclinal fold. 671 
 672 
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Fig. 8. (a) Areas of abnormal rotation where all apparent dips above the defined 673 
background regional values are selected, resulting in the selection of miss-picks 674 
and artefacts (X), and geometries on adjacent faults (Y).  (b) These features are 675 
removed to leave the abnormal rotations attributed to the studied fault-array. 676 
 677 
Fig. 9. Left, map-view distributions of abnormal rotation for each horizon. Each 678 
map uses a grey-scale for the magnitude of abnormal rotation (see Figure 8 and 679 
main text). White areas are not deformed by F1-F3. Right, displacement distance 680 
(d-x) profiles for each horizon. The geographic position of the maps is fixed for 681 
each horizon. The graphs record the amount of vertical displacement due to 682 
abnormal rotation (shaded areas on maps) and the throws of seismically imaged 683 
faults. Graphs (H1 – H6) all show displacement gradually decreasing to the SW. 684 
Solid black lines are for continuous deformation, light gray lines are for fault 685 
throws, thin black lines are for total fault throw and dashed lines are for the total 686 
vertical component of the deformation. 687 
 688 
Fig. 10. A composite 3D view showing the distribution of the high and very high 689 
levels of abnormal rotation in the volume surrounding the mapped F1 fault 690 
segment. The cross-hatched area represents the mapped F1 fault surface. A 691 
variable thickness zone of fault-related deformation encircles fault F1, grey area.  692 
 693 
 694 
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